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Introduction
The African Sahel region is located south of the Sahara desert and the area is dominated by semi-arid grassland with shrubs and low tree coverage. The region is strongly dependent on rain-fed agriculture and pastoral livelihood, and drought and famine frequently impact the people living in the region (OECD, 2009 ). The semi-arid ecosystems in the Sahel are vulnerable to the effects of climate change, because of this rainfall dependency (e.g. Hickler et al., 2005) . Climate thereby strongly affects the land-atmosphere carbon dioxide (CO 2 ) exchange processes which can have strong positive or negative feedbacks on the climate system. Recently, it has been shown that semi-arid ecosystems has an increasingly important function as a sink of the global carbon cycle, because of increased rainfall and CO 2 fertilization effects (Donohue et al., 2013) . In the future, semi-arid regions can even overrule tropical forests in dominance affecting the inter-annual variability in the global carbon cycle (Poulter et al., 2014) .
It is thereby important to study variability in the land atmosphere CO 2 exchange processes for semi-arid savanna regions. The net ecosystem exchange of CO 2 (NEE) is the balance between the CO 2 assimilated through gross primary production (GPP) by the vegetation and the carbon (C) decomposed and released as CO 2 by ecosystem respiration (R eco ). There have only been a few studies investigating temporal dynamics of the CO 2 exchange processes using the eddy covariance technique in the Sahel region, and most of them only cover a few weeks of data (e.g. Verhoef et al., 1996; Friborg et al., 1997; Moncrieff et al., 1997b; Hanan et al., 1998; Ardö et al., 2008) . To our knowledge there are only three previous studies of land atmosphere exchange of CO 2 based on EC data from the Sahel region which covered an inter-annual period Merbold et al., 2009; Tagesson et al., 2015) . However, none of these studies has focused on the temporal dynamics in the CO 2 exchange processes and their budgets. The CO 2 exchange processes are known to vary considerably and many controlling factors for these variations have been suggested: temperature, radiation regime, species composition, and moisture and nutrient availability (Lloyd and Taylor, 1994; Semmartin and Oesterheld, 1996; Rockström and de Rouw, 1997; Chapin et al., 2002; Hanan et al., 2011) .
Due to the lack of in situ measurements, earth observation has proved an important tool in studying the ecosystem properties of the Sahel. Within earth observation, it is common to estimate GPP using a light use efficiency (LUE) model (Monteith, 1972 (Monteith, , 1977 . The LUE-model calculates GPP from the photosynthetically active radiation absorbed by the vegetation (APAR), using a simple conversion efficiency coefficient (the light use efficiency, e). Initially, e was considered to be relatively constant, but substantial differences have been found between plant communities, and also due to species composition, development stage, and stress level (Goetz and Prince, 1996; Gower et al., 1999; Drolet et al., 2008) . Values of e and its constraining factors therefore need to be investigated for various plant communities when GPP is to be estimated over larger areas. The main aim of this paper is to make a detailed study of the CO 2 exchange processes of a semi-arid savanna ecosystem in the Sahel region, and their response to climatic and environmental change. Our long time series of CO 2 fluxes allowed us to study the seasonal and diurnal variation in CO 2 fluxes and the influence of hydroclimatic variables (air and soil temperature, relative air humidity, photosynthetically active radiation (PAR), vapor pressure deficit (VPD), rainfall and soil moisture) and vegetation phenology. In addition, our CO 2 flux measurements allow us to estimate annual C budgets for the land-atmosphere exchange processes, and to study inter-annual variation of these budgets. A final objective was to quantify and study the seasonal dynamics of e to better understand the temporal variability in e to be implemented in improved earth observation based productivity models.
Material and methods

Site description
The measurements were conducted north-east of the town of Dahra in the Ferlo region of Senegal, West Africa (15.40 N, 15.43 W, elevation 40 m) . The Dahra measurement site is located in the Sahelian ecoclimatic zone. Annual mean rainfall is 416 mm (for the period 1951-2003) of which more than 95% of the rain falls during the rainy season (July-October), with August being the wettest month (Agence Nationale de l'Aviation Civile et de la Météorologie, Senegal). Annual air temperature (period 1951-2003) is 29 C; May has the highest mean monthly temperature (32 C) and January the lowest (25 C). Southwesterly winds dominate during the rainy season, whereas north-easterly winds dominate during the dry season. The leaf area index (LAI) generally ranges between 0 and 2 (Fensholt et al., 2004) . The growing season closely follows the rainy season and is short (2-3 months). The site is a typical low tree and shrub savanna environment with $3% tree cover (Rasmussen et al., 2011) . The most abundant tree species are Balanites aegyptiaca, Acacia tortilis and Acacia Senegal. The species composition of the ground vegetation for the years 2010-2013 is given in Table 1 ( Mbow et al., 2013; Tagesson et al., 2015) . The study area is homogenous and flat, and the dominant plant communities extend for several kilometers in all directions surrounding the study site. The soil is sandy luvic arenosol with low amounts of organic material and low clay content (clay = 0.35%, silt = 4.61%, and sand = 95.04%). The land is grazed and located within the Centre de Recherches Zootechniques de Dahra of the Institut Sénégalais de Recherche Agricole (ISRA). For a complete description of the site and the measurements conducted at Dahra, see Tagesson et al., 2015. 
Eddy covariance measurements
The NEE (mmol CO 2 m À2 s À1 ) measurements were done between 8 August 2010 and 31 December 2013 using an EC system which had a 3-axis Gill R3 Ultrasonic Anemometer (GILL instruments UK) and an open-path CO 2 /H 2 O infrared gas analyzer (LI-7500, LI-COR Inc. Lincoln, Nebraska, USA) installed at 9 m height. The open-path analyzer was tilted 29 from vertical with 20 cm northward separation and À24 cm vertical separation from the anemometer. The anemometer and infrared gas analyzer data were sampled at 20 Hz. Every 4 weeks, the span and the offset of the gas analyzer were measured and the gas analyzer was calibrated. We processed the raw EC data using EddyPro 4.2.1 software (LI-COR Biosciences, 2012) , and the fluxes were calculated for 30 min periods. The processing includes despiking (Vickers and Mahrt, 1997 ) (plausibility range: window average AE3.5 standard deviations), 2-D coordinate rotation (Wilczak et al., 2001) , time lag removal between anemometer and gas analyzer by covariance maximization (Fan et al., 1990) , linear detrending (Moncrieff et al., 2004) , and compensation for density fluctuations (Webb et al., 1980) . The fluxes were corrected for low and high pass filtering effects (Moncrieff et al., 2004 (Moncrieff et al., , 1997a . The data were filtered according statistical tests as recommended by Vickers and Mahrt (1997) , and for steady state conditions and for fully developed turbulent conditions following Foken et al. (2004) . Measurements made during heavy rainfall were also filtered out; 44% of the combined sonic anemometer and gas analyzer data were filtered out, but in total, there were 73% gaps in the data. The reasons for the large amount of missing data were minor breaks due to power failure, large gaps caused by broken sensors from 5 November 2010-17 July 2011 and 11 January 2013-7 July 2013, and that more than 40% is commonly filtered out for open path sensors (e.g. Tagesson et al., 2012b) . The main parts of the growing seasons 2010-2013 were covered, whereas the large data gaps are mainly located during the dry seasons without much vegetation activity.
Measurements of environmental variables
Meteorological and hydrological variables were measured during the entire study period, except for 26 October 2010-25 February 2011 (technical issues). The measured variables were air temperature ( C), relative air humidity (%), incoming ( inc ) and reflected ( ref ) PAR (mmol photons m À2 s À1 ), PAR transmitted through the vegetation (PAR transmit ), incoming and reflected red and near infrared (NIR) radiation (MODIS red/NIR spectral configuration) (mmol m À2 s À1 ), rainfall (mm), soil temperature ( C), and soil moisture (%) ( Table 2 ). All sensors were connected to a CR-1000 logger in combination with a multiplexer (Campbell Scientific Inc. North Logan, USA). Data were sampled every 30 s and stored as 15 min averages (sum for rainfall).
The incoming and reflected red and NIR radiation measurements were used to estimate the NDVI as:
where r NIR and r red are the hemispherical reflectance in the red and NIR bands respectively.
The PAR absorbed by the vegetation (APAR) was estimated by:
where a soil is the albedo of the soil, which was measured as 0.20 (Tagesson et al., 2015) . The total above ground herbaceous biomass (g m À2 ) was sampled approximately every 10 days during the rainy seasons at 28 one m 2 plots located along two $1060 m long transects (Mbow et al., 2013) . The method applied was destructive, so even though the same transects were used for each sampling date, the plots were never located at exactly the same location. All above ground green vegetation matter was collected and weighed in the field to get the fresh weight. The dry matter (DW) was estimated by oven-drying the green biomass. For a thorough description regarding the biomass sampling we refer to Mbow et al. (2013) . The DW was then converted to g C m À2 using a conversion factor of 0.5 (Schlesinger, 1997) . For estimating total herbaceous biomass, we assumed that root biomass was 60% of above ground biomass (Wilsey and Wayne, 2006) .
Environmental controls on short-term variation in daytime and night-time NEE
To study environmental controls on diurnal variability in the CO 2 fluxes, the half-hourly NEE data were separated into daytime (solar radiation >20 W m À2 ) and night-time data. Daytime NEE is the sum of GPP and R eco . There is no photosynthetic activity during night-time, when NEE is simply equal to R eco . We used a 7-day moving window with a 1 day time step to analyze environmental controls on the half-hourly fluxes, by fitting ordinary least-square linear and exponential regressions for each 7-day moving window. In this way, we analyzed the relationships between daytime NEE and soil moisture (at all depths), relative air humidity, air temperature, and VPD (kPa). The effect of PAR inc on daytime-NEE was estimated using the non-linear Misterlich light-response function:
where F csat is the CO 2 uptake at light saturation, R d is dark respiration and a is the quantum efficiency (mmol CO 2 mmol PAR À1 ) or the initial slope of the light response curve (Falge et al., 2001) . Ordinary least-square linear and exponential regressions were also fitted between night-time NEE and soil moisture at all measured depths, and versus relative air humidity for each 7-day period. Ecosystem respiration is generally considered to follow an exponential relationship with temperature, and the Lloyd and Taylor (1994) equation was developed to estimate R eco for several different ecosystem types:
where R 10 is the respiration rate at 10 C, and T is the air and soil temperature ( C). We fitted Eq. (4) with night-time NEE against air temperature, and soil temperature at all measured depths for each 7-day moving window.
Gap filling and partitioning of net ecosystem exchange between gross primary productivity and ecosystem respiration
To determine daytime R eco , it is common to parameterize exponential functions (Eq. (4)) between night-time NEE and soil temperature, and to apply these during daytime (Reichstein et al., 2005) . However, it has been reported that care should be taken before applying these relationships to hot dry semi-arid savanna ecosystems . For the 7-day moving windows, we did not find any relationship between night-time NEE, and any of the measured variables. Instead, we thereby partitioned daytime NEE between GPP and R eco using the Misterlich light response function (Eq. (3)) against PAR inc (Falge et al., 2001) . To account for VPD limits on GPP, the fixed F csat parameter in Eq. (3) was replaced with an exponential decreasing function:
where VPD 0 is 10 hPa following the method by Lasslop et al. (2010) . Eq.
(3) in combination with Eq. (5) was parameterized for daytime NEE using the same 7-day moving windows as in the Section 2.4. By subtracting R d the function was forced through 0, and GPP was thereby estimated:
Ecosystem respiration was calculated by subtracting modeled GPP from measured NEE. Gaps in NEE and GPP shorter than or equal to 3 days were filled in one of four different ways: (i) linear interpolation were used for gaps shorter than 2 h (Falge et al., 2001) ; (ii) the Misterlich lightresponse function (Eqs. (3) and (5) (NEE) and (6) and (5) (GPP)) for the 7-day moving windows were used for daytime gaps longer than 2 h (Falge et al., 2001) ; (iii) night-time gaps were filled using average NEE measured during that night; (iv) any remaining gaps were filled using mean diurnal variation calculated for the 7-days moving windows (Falge et al., 2001) . Finally, R eco was gap filled by subtracting gap-filled GPP from gap-filled NEE.
The light use efficiency
The LUE-model is a linear function between GPP and APAR:
The validity of this function requires a reasonably linear relationship between assimilated CO 2 and APAR ( Fig. 1) . To estimate the seasonal dynamics of e (mmol CO 2 mmol APAR À1 ), linear regressions were fitted with NEE day against APAR for the 7-day moving window. The e values were later converted to g C MJ APAR À1 . Just to clarify the difference between quantum efficiency (a) and light use efficiency (e); a is the initial slope of Eq. (3) against PAR inc , whereas e is the slope of a linear curve against APAR.
Seasonal dynamics in carbon fluxes and light-use efficiency
To study how well environmental variables determine the seasonal dynamics in NEE, GPP, R eco and e, we used regression tree analysis. It is a robust statistical tool to analyze complex, nonlinear relationships and interactions between a single response variable and several explanatory variables (De'ath and Fabricius, 2000) . The data set is repeatedly split into more and more homogeneous subgroups, each categorized by values of both the dependent and the independent variables. Splitting continues until a tree is created, which is then pruned back to a proper size according a cross validation procedure. We required at least five days in each subgroup to allow further splitting of the tree. In each analysis, we separated the data into ten subgroups of approximately equal size. Each subgroup was left out once, and ten trees were created with the remaining nine subgroups, which were evaluated against the left-out subgroup. The error was summed for all ten trees and for each of the different tree sizes. The smallest tree with the minimum error was selected. The cross-validation was repeated 100 times and the most common tree size was used in the final analysis. For a more detailed description of tree regression analysis and its advantages, see De'ath and Fabricius (2000) .
As explanatory variables for daily sums of NEE, we used NDVI, PAR, air temperature, VPD, soil temperature and soil moisture (0.05 m depth). As explanatory variables for daily sums of GPP and e, we used NDVI, PAR, air temperature, VPD, soil temperature, and soil moisture (0.05 m depth). In the flux partitioning, R eco was estimated as the difference between NEE and GPP and a regression between R eco and GPP would thereby result in a false correlation, as the variables are not independent. In order to include daily sums of GPP as an explanatory variable for R eco , we used the average nighttime R eco estimates as an independent variable in the R eco regression tree analysis. As explanatory variables, we used daily sums of GPP, NDVI, air temperature, VPD, and soil temperature and soil moisture (0.05 m depth). Fig. 1 . Daytime net ecosystem exchange (NEE) against absorbed photosynthetic active radiation (APAR) for the 7-day period at the peak of the growing season 2010-2013.
The annual C flux budgets
For calculating the C flux budgets for 2010 to 2013, it was necessary to fill gaps in NEE, GPP and R eco longer than three days, which was done using regression trees. We choose 100 tree sizes by running 100 series of cross validation (De'ath and Fabricius, 2000) . For each series, the tree with the minimum error was chosen and used for predicting the CO 2 fluxes. The 100 CO 2 flux subsets were then averaged. For the period without environmental variables, when the regression trees could not be applied, we used the CO 2 fluxes from the same DOY the year after. The total annual C budgets were calculated by summing all NEE, GPP and R eco fluxes for the years 2010-2013.
The uncertainty in the C flux budgets caused by random error (E rand ) was estimated following the method by Finkelstein and Sims (2001) , whereas systematic errors were estimated following the method by Aurela et al. (2002) (Appendix A). All errors were added together using the error accumulation principle:
where E tot is the total accumulated error, E gf is the errors from the gap filling, E filt is the error associated with thresholds for the filtering of the data, and E freq is the errors caused by frequency corrections.
Results
Diurnal variation in the CO 2 fluxes
The diurnal peak of GPP was slightly before the peak of the incoming radiation, which is at 13:00, and GPP was slightly higher in the morning than in the afternoon (Fig. 2) . Ecosystem respiration was low and high during night-time and daytime, respectively. There were no relationships between night-time half-hourly NEE and any of the measured environmental variables (air temperature, VPD, soil moisture or soil temperature at any depth) for the 7-day periods. No clear seasonality in the correlations could be seen indicating that during no specific period over the season were any of these factors in control of the night-time half-hourly NEE. The same outcome was obtained whether the fitted regression function was linear or exponential.
For the 7-day periods, there were no correlations between daytime half-hourly NEE and air temperature, VPD, soil moisture or soil temperature at any depth. There was however a strong relationship between daytime half-hourly NEE and PAR, following the Misterlich light-response function, for all periods except for DOY 158 and DOY 177-179 2012 (average R 2 = 0.55). DOY 158 was during the end of the dry season, when productivity was low. The period DOY 177-179, 2012 is at the beginning of the rainy season, when there was a large burst in R eco (Fig. 3d ). This positive flux in CO 2 masked the low productivity, explaining the lack of relationship at this time.
Seasonal dynamics in CO 2 fluxes and light use efficiency
The highest and lowest CO 2 fluxes were measured during the rainy season 2010, and the dry period 2012, respectively (Fig. 3d ). R eco dominated the NEE at the start of the rainy season, resulting in strong release of CO 2 . The sink function was strong during the peak of the growing season, with daily peak NEE of $À7.5 g C m À2 . The daily GPP and R eco peaked at $À15 g C m À2 and $12 g C m À2 , respectively. Fluxes decreased strongly towards the end of the rainy season.
There were strong seasonal variations in the parameters estimated by the Misterlich function ( Fig. 3e and f) . The a ranged between 0.006 g C MJ PAR À1 for the dry season in 2012, to 1.38 g C MJ PAR À1 for the peak of the growing season 2013. The saturation level of GPP that were within a realistic range were between 0.2 and 57.0 mg CO 2 m À2 h À1 , corresponding to the dry season 2012 and the rainy season 2010, respectively. Occasionally, during the dry seasons, the relationships were very linear, resulting in infinite saturation levels (the vertical lines in Fig. 3e ). There was also strong seasonal variation in e, which ranged between 0.02 g C MJ APAR À1 and 2.27 g C MJ APAR À1 corresponding to the dry and rainy seasons, respectively (Fig. 3f ).
In the regression tree analysis, all variables used as input data were repeated observations of the same measurement plot. The variables cannot therefore be regarded as statistically independent; they are temporally auto-correlated, and it is therefore hard to tell exactly which explanatory variable controls the CO 2 fluxes. The regression tree analyses do however indicate which variables best determined the CO 2 fluxes. The variables determining seasonal variation in NEE were NDVI, PAR, soil moisture, and VPD, in that order (pruning level = 16, R 2 = 0.70). The variables determining the seasonal variation in GPP were NDVI, soil moisture, VPD, PAR, and air temperature (pruning level = 24, R 2 = 0.93). The variables determining the seasonal variation in daily R eco were NDVI, soil moisture, GPP, VPD and soil temperature, (pruning level = 20, R 2 = 0.86). Finally, the environmental variables determining the seasonal dynamics in e were NDVI, soil moisture, VPD, PAR, and air temperature (pruning level = 25, R 2 = 0.54).
The annual C flux budgets
The site acted as a C sink for all three years with an average (AE 1 standard error) annual total NEE of À271 AE 39 g C m À2 y À1 (Table 3) . Total herbaceous biomass and annual NEE budgets are in the same order, even though the NEE budget was slightly higher for 2010, and slightly lower for 2011-2013 (Table 3 ). The average annual sums of GPP and R eco were À1076 AE 46 g C m À2 y À1 and 772 AE 87 g C m À2 y À1 , respectively (Fig. 4) , with slight inter-annual variation. The annual sums of R eco was significantly (p-value >0.05) correlated with air temperature (r = À0.98), rainfall (r = 0.98), and start of rainy season (r = À0.98). There was no significant correlations for the annuals sums of GPP but it was closely Fig. 2 . Diurnal variation in ecosystem respiration (R eco ; black) and gross primary productivity (GPP; red). The half-hourly flux estimates were normalized by dividing each half-hourly value by the mean daily flux. We only used data from days with more than 70% data coverage (in total 305 days). The thick lines are the median normalized fluxes and the dots are each half-hour value. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) correlated with air temperature (r = 0.93), rainfall (r = À0.89), leaf area index (r = À0.87), start and end of rainy season (r = 0.86 for both), and biomass (r = À0.80). Significant correlations were seen for the NEE budgets against biomass (r = À0.98) and growing season peak value of NDVI (r = À0.96), and strong non-significant correlations were seen against and length of rainy season (r = 0.84) and leaf area index (r = 0.82). The low number of statistically significant correlations between measured variables and the flux budgets were caused by the few number of years measured (n = 4; Table 3 ).
The uncertainty analysis of random and systematic errors of the flux measurements resulted in average total accumulated errors of 14.7%, 4.2% and 11.2%, for NEE, GPP, and R eco , respectively. E rand was 0.66%, E freq was 2.4%, of the measured CO 2 fluxes. The average E gap were 6.2%, 2.2% and 8.8%, and the average E filt were 13.2%, 2.7% and 6.0% for NEE, GPP and R eco , respectively. Fig. 3 . Time series of the measured CO 2 fluxes and environmental variables 2010-2013. a) daily mean of air (black) and soil temperature (grey), b) daily sums of rainfall, c) daily mean of soil moisture at 5 cm depth, d) gross primary productivity (GPP) (black) and ecosystem respiration (R eco ) (grey), e) daily values of saturation level of GPP (F csat ) (black) and dark respiration (R d ) (grey), f) the light use efficiency (e) (black) and the quantum efficiency (a) (grey), and g) the normalized difference vegetation index (NDVI).
Table 3
Annual values of carbon fluxes, hydroclimatic and environmental variables. The leaf area index (LAI) estimates are peak values from the MODIS LAI (MOD15A2) product. The normalised difference vegetation index (NDVI) is based on daily in-situ measurements (Section 2.3). The rainy season starts and ends at the first and final day of year with rain. DOY is day of year, NEE is net ecosystem exchange, GPP is gross primary productivity, and R eco is ecosystem respiration. Similar seasonal dynamics in CO 2 flux for semi-arid areas with pronounced rainy seasons have previously been reported (e.g. Veenendaal et al., 2004; Xu and Baldocchi, 2004; Brümmer et al., 2008) . But the measured fluxes at the peak of the rainy season were very high compared to other African semi-arid sites (Verhoef et al., 1996; Hanan et al., 1998; Veenendaal et al., 2004; Brümmer et al., 2008; Kutsch et al., 2008; Boulain et al., 2009; Merbold et al., 2009; Sjöström et al., 2009) . Instead, the NEE reported here are similar to fluxes reported for humid tropical grassland, tropical C4 wetland plants, and fertilized and high precipitation temperate C4 grassland species (Kim et al, 1992; Dugas et al., 1999; Morison et al., 2000; Merbold et al., 2009; Saunders et al., 2012) . The very strong correlation between total herbaceous biomass and the annual NEE budgets still indicates reasonable flux budgets. The discrepancies seen could be caused by: (1) grazing of animals; (2) tree C uptake included in the EC budgets; (3) spatial variability in the area affecting the plot based biomass estimate; (4) biomass harvesting being done every ten day and possibly missing the actual peak; and (5) uncertainties in the EC flux budgets. For example, the discrepancy for 2010 could possibly be explained by a relatively late start of the EC measurements in the rainy season.We have further evaluated the quality of the flux measurements; energy budget closures were reasonable, a cospectrum analysis indicated no overestimation of the LI-7500 sensor, and a comparison campaign at the site between the open path LI-7500 sensor and a closed path system indicated similar fluxes (preliminary data).
Possible explanations for the high CO 2 fluxes are a high fraction of C4 species, alleviated water stress conditions, and a strong grazing pressure that results in compensatory growth and fertilization effects. In areas of broadly similar climate, several factors can influences the fluxes, such as solar irradiance, species composition, anthropogenic factors, cultivation, fire sequences, disturbances, soil type, nutrient variability and age of the vegetation (Semmartin and Oesterheld, 1996; Rockström and de Rouw, 1997; Tagesson et al., 2009; Hutley and Beringer, 2011; Vourlitis and Ribeiro da Rocha, 2011) .
Environmental controls on CO 2 fluxes
None of the environmental variables could be shown to control the half-hourly night-time NEE. For many biomes, it has been shown that temperature has a strong influence on R eco and it is a strong factor governing the metabolism of plants and decomposers (e.g. Lloyd and Taylor, 1994; Tagesson and Lindroth, 2007) . For this reason, temperature response curves are commonly applied for partitioning of NEE to GPP and R eco (Reichstein et al., 2005) . However, in the semi-arid tropics it is almost always warm enough for physiological activity and temperature is not a limiting factor (e.g. Hanan et al., 1998 Hanan et al., , 2011 Archibald et al., 2009) , which explains the limited night-time NEE variability. The lack of relationship at our study site thereby confirm the findings by Archibald et al. (2009) that care should be taken before applying temperature response curves for hot dry semi-arid savanna ecosystems.
Gross primary productivity increases in the morning following the change in incoming radiation. But as the radiation and temperature increases, stomata closes in order to avoid water losses at the peak of the day (Lasslop et al., 2010) ; GPP thereby peaks before noon and have slightly lower values in the afternoon. The seasonal dynamics in GPP were as well strongly affected by soil moisture and VPD. It has also previously been shown that photosynthesis and productivity in semi-arid savanna ecosystems are highly governed by water availability, and VPD additionally governs the air's ability to extract water from the plants (Moncrieff et al., 1997b; Kutsch et al., 2008; Merbold et al., 2009) .
The main factor determining the seasonal variation in all CO 2 exchange fluxes (NEE, GPP and R eco ) was NDVI, i.e. the phenology of the vegetation, indicating the importance of vegetation parameters for the CO 2 exchange fluxes (Moncrieff et al., 1997b) . The vegetation phenology governs the leaf development, and a high leaf area gives high light absorption capacity, and thus a high photosynthetic CO 2 uptake. The NDVI of Dahra was high in relation to NDVI of other EC sites in the Sahel, possibly explaining the large CO 2 fluxes seen at the site (Ardö et al., 2008; Boulain et al., 2009; Merbold et al., 2009 ). The NDVI is also an indicator of biomass quality and availability, governing both autotrophic and heterotrophic respiration, explaining the strong impact on R eco . Ecosystem respiration was also related with GPP, confirming the strong influence of vegetation productivity on R eco (e.g. Janssens et al., 2001) . The litter decay rates differ between plant functional types, with high rates of decomposition for grasses and low rates for shrubs and forbs (Meentemeyer, 1978) . There are possible changes in plant functional types across the Sahel in the future, with a stronger dominance of shrubs and trees (Sitch et al., 2008) , which would alter the CO 2 flux for the region.
Light use efficiency
The peak e at Dahra was 2.27 g C MJ À1 APAR, i.e. substantially higher than the peak e values in the biome parameter look-up table used in the calculation of GPP in the MOD17A2 algorithm for savannas (1.21 g C MJ À1 APAR) (Zhao and Running, 2010) . It has Fig. 4 . Cumulative plots for the years 2010-2013 for a) net ecosystem exchange (NEE) (g C m À2 ), b) gross primary productivity (GPP) (g C m À2 ), and c) ecosystem respiration (R eco ) (g C m À2 ). been shown that e can vary substantially both within and between vegetation types (e.g. Lagergren et al., 2005; Garbulsky et al., 2010; Tagesson et al., 2012a; Sjöström et al., 2013) . For savannas, peak e is varying from 0.33 g C MJ À1 APAR to 3.50 g C MJ À1 APAR (Sjöström et al., 2013 and references therein) . Given the high CO 2 accumulation rates at Dahra, it seems odd that peak e is in the upper middle part of this range. However, by comparison to the fraction of PAR absorbed by the vegetation reported by Sjöström et al. (2013) (peak values $0.4), the fraction of PAR absorbed by the vegetation was $2 times higher in Dahra (peak values $0.8).
At the Dahra site, it was shown that NDVI was most strongly coupled to e variability. It has also previously been shown that vegetation parameters have important influences on e, for example by varying vegetation type and C3/C4 species ratio (Merbold et al., 2009; Sjöström et al., 2013) . Generally, ecosystems dominated by trees have lower e than ecosystems dominated by grasses (Garbulsky et al., 2010) , possibly explaining the relatively high e values at Dahra. Dynamics in e was also affected by water availability (soil moisture and VPD), again confirming the strong link between water availability and vegetation productivity for semi-arid savanna ecosystems (Moncrieff et al., 1997b; Kutsch et al., 2008; Merbold et al., 2009 ). It has also previously been shown that rainfall governs both global and continental scale spatial variation in e (Garbulsky et al., 2010; Sjöström et al., 2013) .
To avoid water losses, vegetation closes their stomata as radiation and temperature increases (Lasslop et al., 2010) , explaining the influence by PAR and air temperature on the seasonal dynamics on e as well. Generally, when modeling GPP using the LUE approach variable FAPAR is applied to the model whereas e is assigned to a vegetation type (e.g. Gower et al., 1999; Tagesson et al., 2012a) , and very few studies couple e with biophysical variables (Garbulsky et al., 2010) . Our results demonstrate that this variability in e may be hard to spatially and temporally describe with broad land cover class values, and without consideration of variability in biophysical variables.
The annual C flux budgets
The measured fluxes at the Dahra site was very high at the peak of the growing season, but since the growing season was short, the annual budgets were not larger than at other semi-arid sites (Chen et al., 2003; Brümmer et al., 2008; Archibald et al., 2009; Ciais et al., 2011) . Ciais et al. (2011) reported a median NEE budget of 230 g C m À2 for many in situ and model studies, which is very similar to the NEE budgets of Dahra (Table 3) . Chen et al. (2003) reported an annual GPP budget of 2080 g C m À2 , and a R eco budget of 1700 g C m À2 for a tropical savanna in northern Australia, i.e. higher than at Dahra. Veenendaal et al. (2004) measured a C. mopane savanna woodland in Botswana, which was almost in C balance (annual NEE budget of $À12 g CO 2 m À2 ), but with GPP and R eco budgets of $1300 g C m À2 . It has previously been shown that inter-annual variation in C budgets for semi-arid savanna ecosystems is strongly affected by water availability and rainfall distribution (Moncrieff et al., 1997b; Brümmer et al., 2008) . We can confirm this observation in that both the GPP and R eco budgets were strongly affected by rainfall, and start of rainy season. Both R eco and GPP was negatively affected by temperature, most likely explained by the negative feedback temperature has on the water availability for the ecosystem. The only climatic factor with a strong influence on the NEE was the length of the rainy season. Global circulation models project a decrease in rainfall, an increase in temperature for the western Sahel region and a reduction in growing season length (Sarr, 2012; Roehrig et al., 2013) . This may thus affect the productivity and the sink function of the ecosystems in the Sahel region negatively in the future.
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Appendix A. Error analysis
Error analysis
When calculating CO 2 balances for longer periods, errors associated with the half-hourly measurements affect the long term budgets. Random error (E rand ) was estimated following the method by Finkelstein and Sims (2001) , where variance of the covariance between CO 2 concentration and vertical wind speed gives an estimate of the sampling error in the EC measurements. The E rand is typically low for long time series, such as annual budgets, whereas systematic errors may be more severe (Aurela et al., 2002) . The systematic errors were estimated following the method by Aurela et al. (2002) :
Errors from the gap filling (E gf ) using the light response function were estimated by calculating the fluxes with different length of the moving window when fitting of the parameters in Eqs. (3) and (5) (3-13 day long moving windows). The E gf associated with the gap filling of the gaps longer than 3 days were estimated from the uncertainty in 100 CO 2 flux estimates from the regression trees.
Filtering of fluxes measured during low turbulent conditions during night-time is considered one of the largest sources of uncertainty in long term budgets of CO 2 fluxes and the size of the annual budgets greatly depends on the selection of threshold for the filtering criteria (e.g. Goulden et al., 1996) . We assessed the errors associated with the filtering (E filt ) by calculating annul balances by using different threshold criterias for the overall quality flags (threshold values: 1-6).
A commonly acknowledged systematic source of error is the insufficient coverage of high frequencies (E freq ) contributing to the fluxes. An uncertainty of 30% for the correction procedure of the loss of high frequencies were assumed following Aurela et al. (2002) . The error analysis does not include all error sources, but it provides an estimate of the main uncertainties in the flux measurements.
